Data from HNSCC patients (n=121) treated with definitive radiochemotherapy were used for model training. In total, 569 radiomic features were extracted from both contrast enhanced CT and 18F-FDG PET images in the primary tumor region.
Introduction
Head and neck cancer squamous cell carcinomas (HNSCC) show a heterogeneous response to radiochemotherapy with loco-regional control and 5-year overall survival ranging from below 50% to 80% [1] [2] [3] [4] . Few biomarkers related to tumor response to a therapy are already available for this tumor entity, for example: human papilloma virus infection [1] [2] , overexpression of epidermal growth factor receptor [5] , tumor hypoxia or overexpression of cyclin D1 [6] . Apart from the inter-patient variations, an intra-tumor heterogeneity in treatment response is observed. The tissue-based biomarkers from tumor biopsies may not account for intra-tumor heterogeneity, except for selected markers and marker profiles [7] , and thus other approaches should be investigated.
Radiation oncology is an imaging driven discipline incorporating precision medicine since many years. Each treatment plan is personalized based on pretreatment imaging. So far images collected in radiation oncology are a widely unused source of data, which could have a much higher impact on radiation treatment. However, an expert-based, observer specific analysis would limit the applicability of a decision support system.
Radiomics is a method for quantitative analysis of medical images [7, 8] . It provides tools for comprehensive image analysis on different scales: shape, intensity, texture and transform-based analysis. Its potential as a prognostic or predictive biomarker has been studied for different image modalities and tumor entities [9] [10] [11] .
On the level of anatomical imaging, pre-treatment CT radiomics was found to be prognostic for local tumor control [12] and overall survival [11, 13, 14, 15] in head and neck cancer, significantly stratifying patients into low-and high-risk groups. Those studies showed that tumors, which are heterogeneous in terms of CT density are associated with a worse prognosis. The analysis of heterogeneity in functional imaging could potentially further improve the imaging-based prognostic models. In head and neck cancer, texture of dynamic contrast-enhanced MRI (DCE-MRI) showed differences throughout the course of radiochemotherapy [16] . However, these differences were not correlated with local treatment failure. Another DCE-MRI study suggested that the histogram analysis provides parameters prognostic for progression-free survival and overall survival in stage IV HNSCC [17] . Conflicting results have been published regarding the role of pretreatment 18F-FDG PET as a prognostic factor in head and neck cancer. Some retrospective data showed an association between disease free survival and increased maximum as well as mean standardized uptake value (SUV), whereas other groups did not observe such a correlation [18] . Recently, Vallieres et al [19] tried to predict loco-regional control using combined PET and CT radiomics. This study was not successful. Considering the increasing evidence of the association between CT radiomics and local tumor control [12] , the mixed experiences using functional and anatomical imaging could be explained by other non-tumor related factors influencing nodal recurrence or too large number of studied radiomic features in relation to number of included patients.
In this work, we evaluate whether the metabolic information captured by 18F-FDG PET improves the prediction of local tumor control compared to the anatomical information from CT. Additionally, we investigate if the combination of both CT and PET can further improve the modeling.
Material and methods

Studied population and imaging protocol
Two cohorts of head and neck squamous cell carcinoma (HNSCC) patients were Table 1 .
All patients underwent a diagnostic 18F-FDG PET scan and a contrast-enhanced planning CT. On average the scans were performed within 25 days. In the case of PET imaging, an activity of 178 to 513 MBq was administered intravenously 1 hour prior to the scan and after the measurement of blood sugar level. In the retrospective cohort 2D or 3D
iterative image reconstruction was used, whereas the images of the validation cohort were reconstructed with 3D algorithm. Details on the image resolution are presented in Table   2 . Before the CT imaging, iodine contrast was injected intravenously. Its dose varied among the patients in the training cohort but was standardized in the validation cohort.
Also the scanner type and the scanning parameters: tube current and kV, varied between the patients in the training cohort. Specific details as well as the information about image resolution are shown in Table 2 .
Image pre-processing and radiomics
The primary tumor was separately segmented in the CT and PET images. The CT segmentation was performed manually. In all cases two radiation oncologists, both having more than 10 years of experience, were involved in the process. Contours were later post- The risk group stratification was performed based on the trained models. The thresholds were chosen to obtain the same level of sensitivity and specificity in the receiver operating characteristic curve for local tumor control at 18 months.
Models' validation and comparison
The radiomics-based local tumor control prognostic models, based on different imaging modalities, were verified and compared in the independent validation cohort. First, the differences in CI were investigated using Wilcoxon test (p-value < 0.05) and the bootstrap method with 100 randomly selected samples to calculate the CI distribution. Next the risk group stratification was studied with the G-rho test. Finally, the linear dependence of the predicted and observed tumor control probabilities at 18 months for two risk groups was determined, to compare the stratifications from the different models. In this regard, a good model is defined by a linear dependence with slope equals 1.
Results
Radiomics-based models of local tumor control
Using different combinations of 5 feature selection and 3 classification methods, 15 local tumor control prognostic models were trained per image modality. They were compared based on the 5-fold cross-validated concordance index in the training cohort and the number of included features (supplement Table 1S ). The combination of feature selection using the PCA and univariable modeling and classification using the Cox regression with backward selection resulted in the least complicated model with the best discriminative power. This hold true for both PET and CT modeling. 
Validation of the local tumor control models and their comparison
The comparison of the local tumor control models was based on the data from the validation cohort. Studied radiomics-based models did not differ significantly in terms of discriminative power: CICT = 0.73, CIPET = 0.71, CIPET/CT = 0.73. All models significantly stratified patients into low and high-risk groups of tumor recurrence (Figure 1 ). For the validation cohort the use of combined PET and CT radiomics did not bring an added value to local tumor control modeling in HNSCC compared to single-modality radiomics.
There was a significant correlation (r = 0.62, p-value < 0.001) between the rankings of the patients in PET and CT radiomics models. However, the stratification of patients into low-and high-risk groups of tumor recurrence was different in 30% of the cases.
Although this concerned mostly the patients close to the stratification thresholds, a group of 7 patients, who were ranked low based on the CT model and high based on the PET 
Discussion
Identification of new biomarkers in head and neck cancer is crucial to improve heterogeneous treatment outcome after definitive radiochemotherapy. A potential source of novel biomarkers could be radiomics, which can capture spatial tumor heterogeneity in terms of morphology or tumor biology, depending on the analyzed image type. This study showed that both heterogeneity in tumor CT density and in tumor metabolic activity, measured by 18F-FDG PET, are prognostic for local tumor control in HNSCC.
CT radiomics and PET radiomics based models showed a similar discriminative power (CI around 0.7) in the training as well as in the independent validation datasets. They also significantly stratified patients into low-and high-risk groups of tumor recurrence.
However, the probability of tumor control in poor prognostic cohort was overestimated using the CT-based model, which was not observed in the PET-based radiomics model.
Overall, the multimodality radiomics combining PET and CT did not improve the local tumor control modeling.
On the level of morphological imagining, head and neck tumors characterized by increased heterogeneity in CT density (increased GLSZMsize_zone_entropy) were associated with worse prognosis (supplement Figure 2S ). This result is consistent with previously published studies investigating local control [12] and overall survival [13, 15] as endpoints. To understand the underlying biological processes of these findings, it would be of great interest to investigate if radiomic features corresponding to heterogeneity correlate with histopathological stainings of cell proliferation, microvessel density or hypoxia.
Regarding tumor metabolic activity, round tumors based on the PET signal autosegmentation (smaller spherical disproportion) with a focused region of high FDG uptake surrounded by a rim of low FDG uptake (higher GLSZMSZLGE) were associated with a better prognosis (supplement Figure 2S ). This confined FDG uptake could correlate with a less infiltrative phenotype. On the other hand, a rim of low FDG uptake could correspond to inflammation, which has been previously correlated to favorable prognosis in HNSCC [20] . These radiomic features did not correlate with tumor volume, range of the SUV or maximum SUV. Additionally, in the studied cohorts of patients the standard PET measures, mean and maximum SUV, were not prognostic for tumor control.
Moreover, other studies have shown that those standard PET measures correlate to tumor stage [18, 21] , whereas the predictions based on our PET radiomics model were independent of tumor stage (supplement Figure 2S ). This demonstrates, on a clinically relevant dataset, that radiomics is an added value in comparison to standard PET measures in terms of local tumor control prediction.
This study shows a link between CT radiomics, PET radiomics as well as combined PET and CT radiomics and local tumor control in head and neck cancer. It is contradictory to the study of Vallieres et al. [19] in which no correlation between loco-regional control and PET/CT radiomics was found. To translate our results to loco-regional control modeling, the inclusion of additional parameters, for example lymph nodes-specific radiomics, should be considered. In our study, the combination of PET and CT radiomics as well as single modality radiomics resulted in equally good discriminative power of the local tumor control.
The detailed comparison of the single modality models revealed, that despite the significant stratification into risk groups by both modalities, the CT radiomics model substantially overestimates the probability of tumor control in the high-risk group. The subgroup of patients, for whom the risk-group classification depended on image modality, was identified. Most of those cases (70%) was affected by the CT artifacts in the tumor region. Although, the slices with artifacts were removed from the radiomics analysis this procedure seems to have influenced the results. Those slices could have contained a crucial information about tumor heterogeneity. Another source of error could be a variable contrast dose between training and validation cohorts. In such a setting PET radiomics, despite its low resolution, appears to be better suited for the prognostic modeling in head and neck region.
Data in the training cohort were acquired using different scanners as well as different scanning and reconstruction settings, which might have influenced the modeling.
Validation of the models in the independent dataset with standardized imaging protocol suggests the models' robustness, but it should be studied in more detail.
Further research in this area should be performed, to address certain limitations of this study. A bigger dataset could be used for training a combined model to check for possible overfitting in the presence of the large number of input features. Additionally, this single institution study should be validated against multicenter data as well as interobserver variability of gross tumor volume definition [22] . Moreover, it is known that not the entire tumor exhibits increased metabolic activity. Thus, parts of the tumor may have been missed by the auto-segmentation. The PET-radiomics based on the treatment planning GTV could further improve the predictions. It would also eliminate a potential bias introduced by tumor progression between CT and PET scans [23] . Previous works [12] [13] have shown that the inclusion of clinical parameters (tumor stage or volume) may result in more accurate predictions. However, so far other important clinical factors such as smoking status or performance status were not studied in combination with radiomics.
In conclusion, both CT and PET radiomics show potential to be a prognostic biomarker in head and neck cancer, with equally good discriminative power. However, the presence of CT artifacts may alter the CT-based predictions and therefore, radiomics-based outcome modeling in HNSCC appears to be more robust using 18F-FDG PET.
Additionally, no benefit from combining CT and FDG-PET radiomics into one prognostic model was observed. Further validation of these results in a multicenter setting and against different CT artifacts exclusion protocols is needed.
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